When cloned hybrid cells (A/BIn-5) were grown to confluence and fixed in glutaraldehyde-calcium, electron-opaque deposits were observed on the cytoplasmic faces of plasma membrane. Deposits were most abundant at gap junctions. Deposits were often precisely paired, cell-to-cell, across the gap junctional membranes, and these paired deposits were frequently equivalent in size. This relationship was most often observed on long profiles of gap junctions, in contrast to the asymmetric distribution of larger deposits commonly found on short junctional profiles. Deposits were present with or without heavy metal staining but did not appear when calcium was omitted from the fixative. Fixation at room temperature yielded more and larger deposits than fixation at 0~
Glutarladehyde-calcium fixation results in the appearance of opaque deposits located most frequently on the cytoplasmic faces of plasma membranes (34) . They have been observed in intestine (34, 35) , squid axon (21, 33, 36) , muscle (34, 42) , and a slime mold.a They have also been observed within synaptic vesicles (8, 21, 42) . The deposits are discrete spheres, hemispheres, or ellipsoids measuring about 5-80 nm along their major axis. X-ray microprobe analysis has shown that the deposits in squid axon contain calcium and phosphorus (21, 33) .
When a hybrid cell line (A/Bm-5) was grown to confluence and fixed in glutaraldehyde-calcium, opaque deposits were abundant on gap junction membranes and were frequently paired with deposits in the adjacent cell. This relationship was i Cutler, L. S. 1974. Personal communication.
rarely observed on short profiles of gap junctions, where a few relatively large deposits were usually associated with only one side of the junction.
Studies of deposit formation on other membranes after glutaraldehyde-calcium fixation suggest that they may localize calcium-binding sites (34, 35, 42) or calcium-binding proteins (21) . It has also been proposed that calcium deposited on squid giant axon neuralemma may localize an ATPase by precipitating with phosphate produced by the hydrolysis of endogenous ATP (33) .
Although the mechanism of deposit formation on gap junctions is not clear at present, their possible significance is discussed with regard to studies implicating calcium in the control of the cell-to-cell movement of ions (27, 32, 44) and to studies on the roles of cyclic AMP (c-AMP) and cell contact in the regulation of cell division in tissue culture cells (2, 5, 13, 20, 37) .
MATERIALS AND METHODS

Cells
Cloned cell hybrids, resulting from the fusion of a rat hepatoma cell and rat liver fibroblast (4) , were grown to confluence on Dulbecco's Modified Eagle's Medium supplemented with 10% fetal calf serum. These hybrid cells were used shortly after hybridization and while still exhibiting density-dependent growth regulation. 2 This particular cell line was considered most suitable for study since large numbers of gap junction transections are found in thin sections.
Electron Microscopy
Ceils were fixed in their culture dishes either at room temperature or at 0~ The fixative contained 2.5% glutaraldehyde (Ladd Research Industries, Inc., Burlington, Vt.), 0.05 M cacodylate, 2% sucrose, and 0.005-0.1 M CaCI2 at pH 7.4. CaCI2 (0.05 M) was added to all wash solutions, osmium, and alcohols in the dehydration series up to 100% EtOH. Cells were fixed in glutaraldehyde and osmium for 30 min. In one experiment, cells were stained in block with 0.5% uranyl acetate for 30 rain. After dehy6ration, the cells were washed with several small volumes of Araldite (Ciba Products Co., Summit, N. J.) before embedment. Calcium was omitted from the glutaraldehyde in control experiments. Gold sections were viewed with and without staining in a Philips 300 electron microscope (Philips Electronic Instruments, Mt. Vernon, N.Y.).
Some cultures were stained with lanthanum (43) , and others were frozen and fractured with a Balzer's freezefracture apparatus (BA360M; Balzer's High Vacuum Corp., Santa Aria, Calif.). Platinum carbon replicas were then prepared and examined in the electron microscope. Gap junctional areas were measured by tracing their perimeters with a compensating polar planimeter (Keuffel and Esser Co., Morristown, N. J.).
Silver Staining
Cells fixed in the presence or absence of calcium were stained with the yon Kossa technique (23) . After being stained with 5% silver nitrate in the dark, the cells were washed several times with distilled water and placed on a white piece of paper directly under a 60 W bulb for 5 min to I h. They were then dehydrated and embedded in Araldite.
RESULTS
Junctional structure in A IBm-5 cells
Junctional structure in this cell line was investigated with three different techniques. In stained thin sections, closely apposed membranes of adjacent cells were characterized by intercellular densi-2 Azarnia, R. 1974. Personal communication.
ties with a periodicity of 8 nm (Fig. I) . In this respect these membrane transections are similar to profiles of gap junctions described in other fibroblasts in tissue culture (3, 40) and in rabbit granulosa cells (7) . They differ from many other descriptions of gap junctions since no 2-3 nm gap is observed. The membranes in these areas of cell-to-cell apposition were stained more heavily than plasma membrane facing the culture medium and in addition could be differentiated by their characteristic straight or slowly curving profiles. After fixation in the presence of lanthanum (43), narrow electron-dense regions 3 4 nm wide were observed between adjoining cells. In areas where the apposed membranes were closest, the lanthanum-stained region was interrupted by unstained intercellular bridges with an 8-rim periodicity (Fig. 2) . Finally, freeze-fracture replicas of these cell membranes revealed aggregates of intramembranous particles on fracture face A of approximately 8 nm diameter and with a minimum center-to-center spacing of 8 nm (Fig. 3) . These structures are similar to gap junctions described in a large variety of vertebrate tissues (I I, 14, 18, 24, 30) . The average area of 63 such particle aggregates from confluent cultures was 3.3 • 106 nm ~ with a range of 3.5 • 10~-28.4 x l0 s nm 2. No other specialized intercellular structures were observed in this cell line using any of these techniques.
Calcium Deposition on Gap Junctions
Unstained thin sections of cells fixed at room temperature in glutaraldehyde containing 0.005-0.1 M CaCI2 revealed aggregates of dense deposits preferentially associated with areas of close cell contact characterized by dense parallel membranes (Fig. 4) . The diameter of these deposits ranged from about 4 to 100 rim. Even without osmication or heavy metal staining, parallel rows of deposits were frequently observed where cells adjoined one another (Fig. 5) . After osmication, dense deposits were found in areas of cell apposition typified by straight or slowly curving profiles of dense parallel membranes (Fig. 6 ). After heavy metal staining, deposits were found preferentially associated with cell junctions characterized by the presence of intercellular densities with an 8-nm periodicity (Fig. 7) .
To avoid possible artifacts introduced by the staining of sections with heavy metals, most of the junctional profiles studied in this investigation were not stained. It was considered necessary, therefore, that the slowly curving, dense parallel membranes in unstained sections should be characterized in more specific ways. Alternate serial sections were stained with heavy metals, and several stained and unstained sections through the same presumed junction were compared. In such pairs, intercellular densities with a characteristic 8-nm periodicity were observed in the stained junctional profile, suggesting that these were gap junctions of the type described above (Fig. 8 11) .
Calcium concentrations of 0.005, 0.05, 0.08, or 0.1 M all produced about the same size and frequency of deposits when fixation was carried out at room temperature. After cells were fixed at O~ with calcium containing glutaraldehyde, however, a considerable reduction in size and number of deposits was observed. Only 18 of 100 junctional profiles possessed deposits after fixation on ice with 0.05 M CaCI2, compared with 67 of 100 junctional profiles from cells fixed at room temperature. The average number of deposits per junctional profile after fixation at 0~ was 0.54, compared with 5.12 after fixation at room temperature. Many junctions fixed with calcium at 0~ had only minute densities intimately associated with their membranes (Fig. 12) . Deposits never appeared on cell membranes when calcium was omitted from the fixative and processing solutions.
Distribution of Deposits on Gap Junctions
In transverse sections of gap junctions, deposits were frequently paired precisely across the two cell membranes (Fig. 13) . On several junctional profiles, deposits in one cell were paired with deposits of comparable size across the junctional mem-FIGURE 40smicated, unstained section demonstrating large numbers of opaque deposits in aa area of close cell contact characterized by dense parallel membranes (arrows). One nonjunctional deposit is indicated (large single arrow), pro, plasma membrane; mit, mitochondrion; nuc, nucleus. • 34,800. FIGURE 5 Unosmicated, unstained section demonstrating parallel rows of deposits. Directly apposed deposits are separated by a 10-12 nm space.
• 89,700. FIGURE 60smicated, unstained section demonstrating deposits on a cell junction characterized by dense, slowly curving parallel membranes, x 90,600. FIGURE 70smicated, stained section showing dense deposits on a gap junction. After staining, intercellular junctional densities with an 8 nm periodicity are clearly observed (arrows).
• 122,500. branes (Fig. 14) . In this micrograph, five such pairs are easily discernable. In stained and unstained sections normal to the junctional membranes, the maximum distance between the closest edges of apposed deposits is approximately I0-12 nm. Pairing of deposits, however, was usually not observed on short junctional profiles where relatively large deposits (30-i00 nm in diameter) were present only on one side of the junction (Fig. 15) . Long junctional profiles, on the other hand, were associated with generally smaller deposits (4-45 nm in diameter) in both cells, and occasionally favorable sections revealed that many of these deposits were paired with deposits of equal size FIGURE 80smicated, unstained section of dense, slowly curving parallel membranes in an area of close ceU-to-cell apposition, x 142,500. across the junction (Fig. 16) . Observation of 44 junctional profiles measuring from 0.2 um to 4.2 #m in length supported the idea that large asymmetrically distributed deposits are preferentially found on relatively short junctional profiles. 12 of 15 profiles measuring less than 0.7 ttm possessed only large deposits on one side of the junction, while smaller deposits were distributed on both sides of all 29 junctional profiles 0.7 um-4.2 #m long. The lengths of those three junctional profiles shorter than 0.7 um and possessing paired symmetrical deposits were 0.5 #m (Fig. 14) , 0.65 #m (Fig. 5) , and 0.65 ~tm (Fig. 17) , respectively. Large asymmetrically distributed deposits were never found on junctional profiles longer than 0.7 #m.
In many cases, the pairing of deposits across the junction was not obvious. A stereo pair of a transected junction revealed that inherent pairing FIGUR~ 12 After fixation with calcium at 0~ most junctions possess only minute deposits intimately associated with the membrane (arrows). x 79,600.
could be obscured because (a) deposits overlap at different levels of the section, (b) one member of a pair, tilted slightly at the surface of the section, may be excluded by sectioning, and (c) membrane definition may be lost in areas where the junction is sectioned more tangentially (Fig. 17) .
Calcium Deposition on Nonjunctional Membrane
After fixing the A/BIn-5 cells with glutaraldehyde-calcium, opaque deposits were observed on nonjunctional membrane. These deposits were similar in appearance to those found on gap junctions but were usually widely separated (Fig.  18) . In addition, they were always associated with a slight evagination of the membrane. Only infrequently were nonjunctional membranes observed with a comparatively high concentration of deposits (Fig. 19) .
Staining of the Deposits with the yon Kossa Technique
When cells fixed in calcium-containing glutaraldehyde were stained with silver by the yon Kossa technique, light microscopy revealed scattered dense precipitates on nonjunctional membranes while aggregates of dense deposits were observed in regions where adjacent cells appeared to be in close apposition (Fig. 20) . After processing for electron microscopy, unstained thin sections revealed extremely dense spherical deposits associated with nonjunctional membrane and areas of membrane apposition which appeared to be gap junctions (Fig. 21) . When calcium was omitted from the fixative, however, no precipitates were observed after yon Kossa staining (Fig. 22) .
DISCUSSION
Composition of the Deposits
The composition of deposits formed on gap junctions by glutaraldehyde-calcium fixation is not known. Microprobe analysis, however, has shown that comparable deposits on membranes of squid FIGURE 13 Unstained section of cell junction fixed in calcium-glutaraldehyde shows some pairing of deposits across the two membranes of the junction (arrow heads).
• 132,000. axon contain calcium and phosphorus (21, 33) . Calcium is also a likely constituent of the deposits on gap junctions, since (a) it is necessary to add calcium to the fixative to produce the deposits, and they are present even when osmium, lead, and uranium are not used to stain the specimen, (b) the deposits are morphologically similar to those obtained when phosphate or oxalate are used to precipitate calcium transported into sarcoplasmic reticulum (10, 15) , and (c) the positive yon Kossa reaction suggests the presence of an insoluble calcium salt (23) .
Significance of the Deposits
The role of cell-to-cell contact in the control of cell growth and differentiation constitutes one of the central problems in developmental biology. Recent evidence has correlated deficiencies in the ability to form gap junctions with a loss of growth control in several tissue culture lines (3, 18) and in an intact tissue (29) . Other studies have implicated calcium in the control of the movement of ions from cell to cell (27, 32, 44) . The presence at gap junctions of opaque deposits that are probably composed in part of calcium may provide a clue FIGURE 18 Unstained section demonstrating a nonjunctional deposit (arrow). These deposits are usually widely separated.
• 66,600. FIGURE 19 Unstained section demonstrating nonjunctional membrane with an unusually high density of deposits.
• 55,000. about the processes occurring at this region of cell contact. Although we do not know how the deposits form at gap junctions, we feel it is worthwhile to discuss briefly some possible alternative explanations which have arisen during this and previous studies.
Many studies have demonstrated that ions and small molecules can move from cell to cell across the junctional membranes (6, 27, 45) and that high intracellular concentrations of calcium inhibit this process (32) . Recent experiments of Rose and Loewenstein (44) have utilized aequorin, a molecule that fluoresces in the presence of calcium, to probe interactions of calcium with the junctional membranes. They found that calcium injected into a chironomid salivary gland cell prevented the movement of small ions between cell interiors only when the injected calcium diffused to the junctional membrane. Thus it is conceivable that deposits on gap junctions of A/BIn-5 cells may localize calcium binding sites that regulate the movement of small molecules from one cell to another. Binding of calcium to fixed sites has been postulated to explain the formation of deposits on several other membranes (2 I, 34, 35, 42 ).
An alternate explanation for deposit formation is that calcium entering the cell acts as a trapping agent, precipitating anions produced by the hydrolysis of endogenous substrates such as ATP. Calcium (19) , strontium (16, 17) , and lead (47) have been used to localize alkaline phosphatase and ATPase. Such a mechanism has been proposed to explain deposit formation on the neuralemma of squid axon (33) . The finding that gap junction deposits are smaller and less frequent when the cells are fixed at 0~ suggests that the deposits may be formed enzymatically. Binding of calcium to fixed membrane sites would not be expected to be so temperature sensitive.
It is also conceivable that calcium may precipitate with pyrophosphate produced from endogenous ATP by adenylate cyclase. Recent studies by Cutler and co-workers (see footnote one) have indicated that deposits produced on the cytoplasmic face of plasma membrane of a slime mold by glutaraldehyde-calcium fixation are similar in morphology and distribution to the reaction product obtained when the technique of Howell and Whitfield (22) was used to localize adenylate cyclase activity (12) .
In addition, a previous study has suggested that adenylate cyclase may be activated at the sites of cell-to-cell contact through interactions of contactsensing molecules on the plasma membrane (28) . Several recent studies have provided support for this hypothesis and suggest the possibility that gap junctions could be involved in this process when normal cells in tissue culture make contact with one another.
Although several tumor cells have been shown to possess gap junctions (24, 29, 41) , in one quantitative study cells in an intact tumor were shown to possess significantly fewer gap junctions than those cells in corresponding normal tissue (29) . Cells derived from certain tumors are apparently unable to make these structures (3, 18) . Other studies have shown that many tumor cell lines in culture have low intracellular levels of c-AMP (20, 37, 46) or low adenylate cyclase activities (1, 2, 9, 26, 31). These cells reach relatively high densities in tissue culture. Cultured normal cells, on the other hand, form gap junctions and exhibit "contact inhibition" of cell growth. In addition, there is now evidence that confluence of normal cells in culture is accompanied by an increase in intracellular c-AMP levels (2, 5, 13, 20, 37) . In 3T3 cells (5), intracellular c-AMP levels begin to rise when contact is first observed and then plateau shortly after the cells become confluent.
Distribution of Deposits
Freeze-fracture studies (25, 24, 48) have shown that gap junctions begin to form as small aggregations of intramembranous particles. These aggregates probably enlarge by the addition of single particles or groups of particles as the cells remain in contact. We have observed larger, asymmetrically distributed deposits on shorter junctional profiles. Some of these shorter profiles may arise from sections cut near the periphery of large junctions (the last part of the junction to be formed) while others may arise from sections through short "younger" junctions. Deposits seem to be more symmetrically distributed on larger, more mature junctions. This symmetry could develop over time through an interaction between gap junctional elements in the membranes of adjacent cells.
The finding that paired deposits are separated Diagram depicting diameters and relationships of intramembranous particles and opaque gap junctional deposits suggested by measurements of distance between paired deposits, total junctional thickness in stained thin sections, and gap junctional particles in freeze-fracture replicas. For illustrative purposes, large diameter-paired deposits are represented. It is not known whether deposit centers are strictly aligned with the central axis of one intramembranous particle pair. Note that the opaque deposits are embedded in the dense material associated with the cytoplasmic leaflets of the junctional membranes. ip, intramembranous particle; od, opaque deposit; ics, intercellular space; din, dense material.
by a distance of only 10-12 nm is somewhat surprising in view of the usually reported measurement for the total thickness of the junction (17-18 nm) determined from stained thin sections (30) . Since several electron microscope studies have shown that intramembranous particles are paired plecisely cell-to-cell within the gap junction (11, 29, 38, 39) , the distance between deposits must represent the maximum thickness of two particle diameters in the axis normal to the junction. Assuming that membrane thickness is not altered by the fixation procedure, and that intramembranous particles do not protrude into the cytoplasmic deposits, the maximum diameter of a single particle along this axis would be only 5-6 nm (Fig. 23 ).
CONCLUSIONS
Deposits have been observed on the cytoplasmic faces of gap junction and nonjunctional membrane in A/BIn-5 cells fixed with glutaraldehyde-calcium shortly after attaining confluence, The evidence for the presence of calcium in the deposits and several alternative mechanisms of deposit formation have been discussed. It was suggested that the pairing of deposits of equivalent size across the membranes of the gap junction implies an interaction between junctional elements of adjacent cells and that this interaction develops during a period of junctional growth.
We are indebted to Doctors R. Azarnia 
